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Particulate fouling tests were carried out using kaolin-water suspensions flowing through an annular heat exchanger 
with a copper inner tube. The flow rate was changed from test to test, but the fluid temperature and pH, as well as 
the particle concentration, were maintained constant. 
In the lower range of fluid velocities (<0.5 m/s), the deposition process seemed to be controlled by mass transfer. 
The corresponding experimental transport fluxes were compared to the predictions obtained with several models, showing 
that diffusion governed particle transport. The absolute values of the mass transfer fluxes and their dependences on 
the Reynolds number were satisfactorily predicted by some of the models. 
On a effectut des tests d’obturation par des particules a l’aide d’un melange kaolin-eau s’ecoulant a travers un echan- 
geur de chaleur annulaire muni d’un tube inttrieur en cuivre. On a fait varier le dtbit dans les tests, mais la temperature 
du fluide, le pH ainsi que la concentration de particules ont tt6 maintenus constants. 
Pour des petites vitesses de fluide (<0,5 m/s), la vitesse de dtpBt semble &re contrB16e par le transfert de matikre. 
Les flux observts exptrimentalement correspondants ont Ctt compares aux predictions de plusieurs modtles et cela 
indique que la diffusion gouverne le transport des particules. La valeur absolue des flux de transfert de matikre et leur 
dtpendance par rapport au nombre de Reynolds ont 6tC prtdites de manikre satisfaisante par certains modkles. 
Keywords: particulate fouling, mass transfer models, particle transport, kaolin-water fouling. 
ransport, adhesion and removal are the basic processes T involved in the build-up of particulate fouling deposits. 
Evaluation of the transport flux of particles can be, thus, an 
important step forward in the prediction of overall fouling 
rates or tendencies. 
The models available for predicting mass transfer fluxes 
in flowing fluids have been applied with greater success to 
dissolved species than to suspended solids. The equations 
available for these two-phase flow systems were developed 
mainly from experimental aerosol studies and have been 
seldom tested with liquid-solid data. Specific problems 
arise when the transport step is part of an overall complex 
fouling phenomenon. In such cases, the processes controlling 
deposition must be identified in order to evaluate correctly 
the experimental mass transfer fluxes. Furthermore, in a 
fouling situation, the roughness of the surface of the deposit 
is usually different from that of the clean surface, leading 
to significant variations in the transport rates. 
In this work, data from heat transfer fouling tests with 
liquid suspensions were used to assess several transport 
models and to identify the type of transport mechanism 
prevailing. 
Particle transport models 
BASIC CONCEPTS 
In the absence of external forces (e.g., gravity), the mass 
transfer flux (J,) towards a solid-fluid interface is usually 
shown to be dependent on Brownian and turbulent diffusion 
mechanisms, as stated in Fick’s first law (adapted): 
(1) . . . . . . . . . . . . . . . . . . . . . . . .  JI = ( B E  + E)dC/dy 
*Based on paper presented at Symposium on Fouling of Heat Exchangers, 
36th Canadian Chemical Engineering Conference, Sarnia, Ontario, October 
5-8. 1986. 
The molecular or Brownian diffusivity (9,) decreases 
with increasing size of molecules or particles. The eddy dif- 
fusivity ( E )  decreases as the surface is approached, that is, 
when the particle moves from the turbulent core to the 
viscous sub-layer. In spite of the traditional concept of a 
stable laminar sub-layer, several authors (e.g., Lin et al . ,  
1953; Davies, 1966) proposed semi-empirical correlations 
for E where the sub-layer was implicitly considered to be dis- 
turbed by the interference of turbulent eddies (i.e., E > 0 
in the sub-layer). The majority of the authors assume there 
is an equality between the fluid ( E )  and the particle ( E , , )  tur- 
bulent diffusivities. 
Equation (1) can then be integrated, leading to a diffusion 
mass transfer equation of the following type: 
( 2 )  
In such a case, the mass transfer coefficient ( k , )  is identical 
to a diffusion rate coefficient ( k D ) .  If the particles adhere 
easily to the deposition surface, C, = 0. 
In general, all transport models consider that particles 
are carried by eddy diffusion from the turbulent core to a 
zone near the wall. However, depending on the model, the 
subsequent trajectory towards the deposition surface has been 
described by different mechanisms such as turbulent and 
molecular diffusion, particle inertia, turbulent downsweeps, 
or convection along the flow direction followed by inter- 
ception by roughness elements. 
In aerosol studies (e.g., Wood, 1981), the type of 
mechanism that determines the transport rate has been 
associated to the so-called ‘‘dimensionless relaxation time” 
of the particles ( t i ) ,  defined as the time during which the 
initial velocity of a particle is reduced to zero in a stagnant 
fluid on account of viscous drag (Stokes) force: 
J ,  = k , ( C b  - C,) . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . .  t i  = (u*)* pp D;/(18 /.iV) (3) 
For t i  < 0.1, diffusion is assumed to be the dominant 
mechanism; for 0.1 < t i  < 10, the initial energy imparted 
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TABLE 1 
Main Features of Some Transport Models 
Authors 
Linton & Sherwood 
( 1950) 
Basic mechanisms 
Turbulent 
core 
Deposition 
surface 
Eddy Molecular 
diffusion diffusion - 
Eddy Particle 
diffusion * inertia - 
\ /  Molecular 
diffusion 
Model of C. N .  Davies modified by considering E,, # E 
Beal (1970) 
Cleaver & Yates 
(1975; 1976) 
Eddy Particle 
diffusion * inertia - 
\I Molecular 
diffusion 
Eddy Molecular t,’ < 0.1 
diffusion - diffusion 
\ f  Turbulent 
.1 
Particle 1,’ > 0.1 
downsweeps - inertia 1 
At each instant, ‘‘bursts’’ and “downsweeps” cover the 
deposition surface. Only those particles whose trajectories 
fall outside the burst area can reach the surface. 
Quantitative aspects 
* E p = E  
Momentum-mass transfer analogy 
Sh = k,D/a),  = ( f l 2 )  Re (Sc)”’ 
J ,  = k,Cb 
eP = E [correl. of C. N. Davies, 19661 
y I  = v,tp + Rp, with v, equal to the 
radial fluctuating fluid velocity at 
distance y I  ( v ,  depends on the starting 
point of free-flight) 
J ,  = k,CR, with 
CR = 1.22cb (Liu & Ilori, 1974). 
k, = l / [ ( l / ~ , )  + ( l / k , ) l  
k ,  * v ,  (inertia control): J ,  = v,CR 
k ,  4 V ,  (diffus. Control): J ,  = k,CR 
E p  = E + v;tp [Liu & IIori, 19741 
Particle inertia affects its diffusivity. 
The term v;t, follows the concept of 
fluid eddy diffusivity (velocity, vi,  
times distance, v i tp )  
E,, = E [correl. of Lin et al., 19531 
y, = v,tp + R,,, with: v, = 0.9u* 
J ,  = k,C,, with k ,  = l / [ ( l /v , , )  
vp = 0.5 (Brownian motion velocity 
+ ( l / k ~ ) ]  
+ mean fluid radial velocity between 
y I  and Rp) 
k ,  = (see C .  N.  Davies) 
k ,  s vp (inertia control): J ,  = vpcb 
k ,  4 V p  (diffus. Control): J ,  = k,Ch 
J ,  = k,Ch 
Diffusion control ( t  ’ < 0.1): 
Inertia control (t,’ > 0.1): 
k ,  = 0.084 (SC)-”~;* 
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TABLE 1 (Concluded) 
Authors 
J .  T. Davies 
(1983; 1983a) 
Basic mechanisms 
Turbulent Deposition 
core surface 
Eddy t,‘ < 0.2 Molecular 
diffusion h diffusion - 
Eddy 0.2 < r,‘ < 1 Transport along the 
diffusion flowlines with interception 
by roughness elements __+ 
Eddy 1 < t,’ < 33 Inertial jumps across 
diffusion flowlines and interception 
by roughness elements _3 
4 P r o j e c t i o n  to the surface in one jump with final 
impaction 
Quantitative aspects 
t,‘ < 0.2: 
-smooth surfaces: 
-very rough surf.: 
k ,  = 0.075 (SC)-*’~U* 
k ,  = 0.080 (SC)-”~U* 
0.2 < t,’ < 1: 
k ,  = C . t i ( p / p , )  3 u * ;  
k ,  0: ( u * ) ~  
,(0.05 < C < 100, increasing with 
roughness) 
1 < t,’ < 10: 
k ,  = C . t + ( l  + t , ’ ) (p /p , )  * u*;  
k ,  0: (u*)“ 
r,‘ > 33: 
k ,  = 0.33u* 
to the particles by the eddies is supposed to make them travel 
by inertia towards the wall; for t; > 10, although particles 
tend to move at higher velocities, the transport rates of the 
larger ones in the turbulent core seems to be reduced by their 
high inertia (“inertia moderated” regime). 
SUMMARY OF SOME TRANSPORT MODELS 
Table 1 presents a brief summary of the main features of 
six transport models for turbulent flow parallel to surfaces. 
Instantaneous adhesion to the surface, as well as the absence 
of removal are assumed. Further details on each of these 
models and reviews on the subject are available in the liter- 
ature (Montgomery and Corn, 1970; Liu and Ilori, 1974; 
Newson, 1979; Lister, 1981; Wood, 1981; Beal, 1983; 
Papavergos and Hedley, 1984; Epstein, 1987). Note that: 
a) Except for the Linton-Sherwood (1950) pure diffusion 
equation, the models consider that turbulence plays a role 
within the sub-layer (however, different correlations are used 
for the eddy diffusivity, giving different values for E in the 
sub-layer), b) In the diffusion-inertia models, the “free-flight 
velocity” (vi) is the velocity imparted to the particles as 
they leave the eddies and start their inertial motion (or free- 
flight) towards the wall, whereas y i  is the distance the par- 
ticles travel in free-flight and vp (in Beal’s model) is the 
average velocity during the inertial motion. c) The density 
ratio (plp,) is taken into account only in the models of 
Cleaver and Yates and of J. T. Davies. 
PREVIOUS DATA 
There are few experimental data on hydrosols where the 
deposition process was not affected (controlled) by adhesion, 
that is, where the “sticking probability” of the particles could 
be considered equal to 1. Amongst the available data, very 
few are suitable for the purpose of comparing experimental 
transport fluxes to the ones predicted by the models. 
The results of Thomas (1973) obtained in tests with pres- 
surized magnetite-water flowing suspensions were reviewed 
by Gudmundsson (1981) who found that the experimental 
values for the 20-50 pm particles fell in the “inertia- 
moderated” regime ( f ;  > 10) and were substantially lower 
than the theoretical predictions. The deposition flux (4d) 
was shown to increase with the Reynolds No. to the power 
1, which is in accordance with the explicit predictions of 
Cleaver-Yates and of J. T. Davies for high r,‘. 
The data of Burrill (1977), with magnetite-water sus- 
pensions, indicate dependences of +d on Re6 for low veloci- 
ties and on Re0.* for high velocities (high f,‘), which follow 
the trends predicted by the two last models in Table 1 for 
r; > 0.1-0.2. Although the average particle diameter 
and, thus, t i ,  were not clearly determined by Burrill, he 
suggested Dp = 1 pm. (For a somewhat greater Dp (about 
1.5 pm), the range of f; covered by his experiments goes 
from 0.1 to 35). However, the large difference between the 
absolute values of the deposition flux obtained with nickel 
and with zircaloy surfaces appears to be quite an awkward 
result, since it suggests an adhesion controlled process (in 
which 4 d  would not be expected to increase with the fluid 
velocity.. .). 
Hussain (1982) and Newson et al. (1983) presented results 
that show a great scatter. Mass transfer seems to control the 
deposition process and the authors state that 4 d  is propor- 
tional to Re”, with n = 0.5-1.0. Values of f; for these 
tests (40.1)  are all in the diffusion regime and can be 
reasonably described by the diffusion equation of Cleaver 
and Yates. 
The data of Watkinson and Epstein (1970), obtained using 
sand-water suspensions, followed the diffusion-type relation- 
ship in the region of mass transfer controlled deposition, but 
the individual values were presented in thermal resistance 
units and cannot be compared to the absolute predictions of 
the models. 
There is a great amount of aerosol data showing that 
C. N. Davies’s model is more adequate for low t,’ (<O.  l ) ,  
whereas Beals’s model gives more satisfactory results in 
the inertia regime. The experimental trends are rather 
well described by the models of Cleaver and Yates and 
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Figure 2 - Fouling data in position E. 
of J .  T. Davies in the whole range of tp‘ .  However, the 
absolute values predicted by the several models differ often 
by a factor of one or two from the data. 
EQUIPMENT AND METHODS 
Fouling tests were performed in an annular heat ex- 
changer consisting of a 2 meter long external perspex tube 
(ID = 36 mm) and a removable inner copper tube (OD = 
25 mm) which was electrically heated. Water-kaolin sus- 
pensions were circulated through the annular section at 
different Reynolds numbers (based on the e uivalent diameter 
The kaolin particles were studied with a laser flow granulo- 
meter and a scanning electron microscope (SEM) and can 
be roughly described as thin discs with 16 pm (mean 
diameter) by 1 pm (mean thickness). SEM visualization of 
the deposits formed on the copper surfaces showed that the 
particles adhere by their larger faces (the bases of the discs). 
Temperatures of the fluid (12°C) and of the copper tube, 
as well as heat fluxes (3000 W/m2) and pressure drops were 
measured, allowing the evaluation of the local thermal 
0.011 m), with concentration = 2.2 kg/m q3 and pH = 7.5. 
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TABLE 2
Parameters of the Asymptotic Fouling Model-Experimental Values 
Reynolds number 
Fluid velocity (mls) 
Local R,” . lo4 
(m2 . KIW) 
Local q5d * lo9 
(m2 . K/W s) 
Local I /@ . 
(s) 
2300 
0.26 
D 2.9 
E 3.2 
D 1.11 
E 1.30 
D 0.26 
E 0.25 
2760 4140 
0.32 0.48 
4.2 6.2 
4.3 6.3 
1.21 1.58 
1.35 1.62 
0.35 0.39 
0.32 0.39 
6900 
0.79 
5 .O 
5.0 
1.28 
1.10 
0.39 
0.45 
1 I040 
I .30 
3.0 
1.6 
0.90 
0.56 
0.33 
0.29 
resistances of the kaolin deposits during the build-up process 
(Melo and Pinheiro, 1986). The thermal conductivity of 
the deposit (kf = 0.17 W/m . K) could be determined 
measuring its final thickness and thermal resistance. The 
density of the deposits (pf := 420 kg/m3) was evaluated 
from thickness and weight measurements. 
Results and discussion 
Figures 1 and 2 show the fouling data obtained at two 
different axial positions in the heat exchanger (D and E ,  both 
in the fully developed flow region), for the lower range of 
Reynolds numbers. These data were fitted by the usual 
asymptotic fouling equation (curves shown in the Figures): 
. . . . . . . . . . . . . . . . . . .  Rf = Rf” [ 1 - exp(-P t ) ]  (4) 
from which the values of the asymptotic fouling resistance 
(Rf”) ,  the deposition flux (+d = P ’ Rfo) and the “resis- 
tance to removal” (l/P) were calculated - see Table 2. 
The effect of the Reynolds No. on $d is illustrated in 
Figure 3.  These results suggest that mass transfer controls 
the deposition rate for Re < 3900, adhesion being the 
dominant process for higher values of Re. Therefore, the 
transport flux + t  is assumed to be equal to $ d ,  which can 
be evaluated in mass units by: 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Jf  = $f p j  kf ( 5 )  
Values of the mass transfer fluxes predicted by different 
models are shown in Table 3, together with values obtained 
from the experimental curve of Figure 3 in the region of mass 
transfer control. Thermophoretic effects were not considered 
in this study since the heat flux and the temperature gradients 
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TABLE 3
Mass Transfer Flux: Predictions and Experimental Results 
J ,  . lo7 (kg/m2 . s) 
Models Re = 2300 Re = 2760 Re = 3850 (from J ,  = Re”) 
n 
Linton-Sherwood 0.41 0.46 0.59 0.74 
C. N. Davies 0.51 0.62 0.88 1 .o 
C. N. Davies modified 0.43 0.53 0.87 1.4 
Beal 0.36 0.44 0.71 1.2 
Cleaver-Yates (diffus.) 0.44 0.51 0.68 0.85 
J.  T. Davies (diffusion) 0.39 0.46 0.61 0.86 
Experimental curve 0.80 0.96 1.16 0.73 
TABLE 4
Dimensionless Relaxation Times and Free-Flight Dis- 
tances of the Kaolin Particles 
Re = 2300 Re = 2760 Re = 3850 
t +  0.0020 0.0027 0.0048 
0.0083 0.0097 0.0131 p+ Y i  
RP’ 0.0083 0.0097 0.0130 
were low. The dependences of JI on Re (parameter n) were 
estimated by linear regression analysis (correlation coef- 
ficients > 0.99, except for C. N. Davies’s model). 
The equations of the models were used with the following 
conditions: a) in the evaluation of the free-flight distance 
( yi) Rp was replaced by the half-thickness of the particles 
(0.5 pm); b) an “equivalent particle diameter” (7 pm), 
defined as the diameter of the sphere with a volume equal 
to the volume of the particle, was used in the calculation of 
the relaxation time and of the Brownian diffusivity (with pp 
= 2600 kg/m3); c) experimental friction factors at the inner 
surface of the fouled annulus were estimated (see Melo and 
Pinheiro, 1985) and correlated by the expressionf = 0.093 
. The Linton-Sherwood equation thus became: R~ -0.26 
Sh = 0.0465 - S C ” ~  . . . . . . . . . . . . . . . . . . . . (6) 
All the models yielded mass transfer fluxes values that are 
close to the experimental ones but the predicted dependences 
of 3, on Re (values of n in Table 1) differ from model to 
model. The best agreement between experimental and 
theoretical values of n is given by the models of Linton- 
Sherwood, Cleaver-Yates, and J .  T. Davies, which are the 
more “diffusion-oriented” equations. 
Table 4 shows the dimensionless relaxation times and free- 
flight distances of the particles for different Reynolds 
numbers as well as the dimensionless particle half-thickness 
(R;). 2; is always much lower than 0.1, indicating that a 
diffusion mechanism will determine the transport rates. Also, 
the free-flight distance is equal to the particle half-thickness 
and much smaller than the thickness of the sub-layer 
(y + = 5), which means that transport by inertia is highly 
improbable. 
The experimental values of the transport flux are, in every 
case, greater than the theoretical ones. This could be due 
to roughness effects, that are difficult to estimate with 
accuracy in this type of tests and have not yet been properly 
included in the models. For instance, the equations of J .  T. 
Davies for “smooth surfaces” and for “very rough surfaces” 
produce values that are, respectively, half the experimental 
ones (see Table 3) and 6 times greater than these. The use 
of a modification of C. N. Davies’s model proposed by 
Browne (1974) for deposition on rough surfaces is not ade- 
quate in the present case, since it gives very high values of 
J ,  and of the exponent n (around 3.5). 
Relatively high values of n were obtained with those 
models that apply eddy diffusivity correlations in the sub- 
layer (C. N. Davies, with and without modification, and 
Beal). Such correlations were not used in the other models, 
which seems to indicate a possible failure of the eddy dif- 
fusivity equations in describing the diffusion mechanism near 
the wall. According to Lin et al. (1953), 6 should increase 
with ( u * ) ~  in the sub-layer, while in C. N. Davies’ corrc- 
lation the dependence on u* is slightly lower. When the eddy 
diffusivity of the particle is evaluated using the modification 
proposed by Liu and Ilori (1974), this dependence is stronger 
on account of the added effect of v,“ on E .  Therefore, the 
differences in n can be, to a certain extent, attributed to the 
type of eddy diffusivity correlation used in each model. 
The relationships proposed by Cleaver-Yates and by 
J. T. Davies are quite similar, although they were based on 
different approaches. They seem to give a better description 
of the transport process since they consider more realistic 
trajectories of the particles as they approach the wall (not 
simply perpendicular to the wall) and they take into account 
the density ratio (plp, ) .  Also they do not rely upon expres- 
sions for the eddy diffusivity, nor upon the concept of free- 
flight distance. Good results were obtained with the classical 
correlation based on the momentum-mass transfer analogy, 
where the eddy diffusivity is considered to vanish in the 
sub-layer. As it appears, the quantitative description of this 
region is still a key question to be solved. 
A final comment should be made regarding the range of 
Reynolds numbers used in the tests, which lies in the transi- 
tion flow regime. Since turbulence is already present and 
the eddy diffusion mechanisms are acting on the particles, 
a rather similar behaviour should be expected if the flow was 
fully turbulent. However, the velocity gradient would be 
steeper and lift force effects could possibly become more 
important. 
Conclusions 
Data from heat transfer fouling tests with kaolin-water 
suspensions were used in a comparative study of several 
transport models, in order to assess their validity in the case 
of deposition from liquid streams. Diffusion was found to 
be the dominant mechanism of mass transfer and the experi- 
mental results (not only the dependence of 5, on Re, but also 
the absolute values of the transport fluxes) were satisfactorily 
predicted by the models that give better description of the 
diffusion process in the sub-layer: the “classical” mass 
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transfer correlation and the models of Cleaver-Yates and of 
J .  T. Davies. The correlations for the eddy diffusivity did 
not seem to be very reliable in the region close to  the wall, 
suggesting the need for a more detailed quantitative anal- 
ysis of the sub-layer. Also, the effect of roughness on the 
transport flux does not appear to be taken into account 
properly in the available equations. 
Nomenclature 
C = concentration at a distance y from the surface, kglm’ 
C,, = bulk (average) concentration, kg/m3 
C, = concentration at the point of maximum velocity, kg/m3 
C, = concentration at the deposition surface, kg/m’ 
D = equivalent diameter of the flow passage, m 
D,, = particle diameter, m 
9, = Brownian (molecular) diffusivity, m2/s 
,f = friction factor 
J, = mass transfer flux, kg/m2 . s 
k l ,  = diffusion rate coefficient, m/s 
k ,  = thermal conductivity of the deposit, W/m . K 
k ,  = mass transfer (or transport) coefficient, m/s 
R = tube radius, m 
Re = Reynolds number, based on equivalent diameter ( u  . D/u) 
R, = thermal resistance of the deposit, m2 . K/W 
RY = asymptotic thermal resistance of the deposit, m2 ’ K/W 
R,, 
Rd = dimensionless particle half-thickness 
Sc = Schmidt number (u/a),) 
Sh = Sherwood number ( k ,  . O D , )  
t = relaxation time of the particle, s ,, = dimensionless relaxation time 
u = mean fluid velocity, m& 
u* = friction velocity ( u  . Jf/2), m/s 
v, = free-flight velocity of the particle, m/s 
y = distance to the deposition surface, m 
y, = free-flight distance, m 
y: = dimensionless free-flight distance ( y ,  . u*/u) 
= particle radius or half-thickness, m 
tl; 
Greek symbols 
E = fluid eddy diffusivity, m2/s 
E,, = particle eddy diffusivity, m2/s 
4(, = deposition flux in thermal units, m2 + K/W * s 
4, = transport flux in thermal units, m2 . K/W . s 
p = dynamic viscosity, N . s/m2 
p = density of the fluid, kg/m3 
p, = density of the deposit, kg/m3 
p, = density of the particles, kg/m3 
u = kinematic viscosity, m2/s 
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